Introduction {#sec1}
============

The activation of C--H bonds by transition metal complexes has become an important, growing field in organic synthesis.^[@ref1]^ At the core of this field is the need to understand the general mechanisms of the C--H activation step in order to harness the reactivity for synthetic processes. As a result, mechanistic and computational studies have been of great interest to organic and inorganic chemists in order to elucidate the mechanisms of C--H activation reactions by transition metals, including Pd,^[@cit1b],[@ref2]^ Ir,^[@ref3]^ Rh,^[@ref4]^ Ru,^[@ref5]^ and others.^[@ref6]^

Carboxylate-assisted C--H activation has recently garnered attention as a generally mild method for C--H activation at transition metal centers.^[@cit1a],[@cit1c]^ The use of carboxylates in catalytic C--H activation reactions has grown tremendously in recent years, and several reports investigating the mechanism have appeared.^[@ref7]^ The majority of these reactions involve activation of aromatic or vinylic C(sp^2^)--H bonds, and only sparing examples of carboxylate-assisted C(sp^3^)--H activation have been reported.^[@cit1c]^ Computational and mechanistic studies have been primarily focused on palladium carboxylate-catalyzed C--H activations, which often involve a concerted metalation--deprotonation (CMD) mechanism with a six-membered transition state.^[@cit2e],[@cit2i],[@cit7d],[@ref8]^ Activation of C(sp^3^)--H bonds with ruthenium complexes is particularly rare^[@ref9]^ and typically occurs through C--H oxidative addition to ruthenium^[@cit9n],[@ref10]^ or C--H radical abstraction with a ruthenium-oxo/nitrenoid.^[@ref11]^ The mechanism of carboxylate-mediated C(sp^2^)--H activation at ruthenium has been studied in only a single family of complexes.^[@cit5d],[@ref12]^ The CMD C--H activation mechanism, which is particularly common with palladium carboxylate catalysts, is largely unexplored with ruthenium. Furthermore, inner-sphere activation of methylene C(sp^3^)--H bonds is quite rare and is essentially unprecedented for ruthenium.

We recently reported the synthesis of a new family of cyclometalated ruthenium benzylidene complexes (**1**--**3**, Figure [1](#fig1){ref-type="fig"}).^[@ref13]^ These ruthenium complexes were found to be highly selective for *Z*-olefins (typically \>90% *Z*) in a number of olefin metathesis reactions, including macrocyclic ring-closing metathesis,^[@ref14]^ cross metathesis,^[@ref15]^ asymmetric ring-opening cross metathesis,^[@ref16]^ ring-opening metathesis polymerization,^[@cit13d]^ and ethenolysis reactions.^[@ref17]^ These findings were complementary to the reactivity of molybdenum and tungsten catalysts reported by Schrock and Hoveyda.^[@ref18]^

![Cyclometalated ruthenium metathesis catalysts.](ja-2014-021958_0001){#fig1}

Cyclometalated complexes **1**--**3** are highly interesting organometallic species. These complexes contain a stable Ru--C bond in the presence of a reactive ruthenium alkylidene. Previous observations of C--H bond activation in ruthenium alkylidene complexes led to decomposition of the Ru--C bond, typically through insertion into the alkylidene followed by hydride elimination reactions.^[@ref19]^ The stable cyclometalated complexes are synthesized by the reaction of a ruthenium dichloride complex with an excess of a pivalate salt (Scheme [1](#sch1){ref-type="scheme"}). While silver pivalate was found to efficiently provide cyclometalated complexes,^[@cit13a],[@cit13b]^ product stability to the reaction conditions was improved by the use of sodium carboxylate salts.^[@cit13c]^ In light of this initial advance in cyclometalation methodology, kinetic studies on the cyclometalation of these complexes would enable the synthesis of a broader family of potentially useful ruthenium alkylidene complexes. Furthermore, because of the high stability of complexes **1**--**3** and the lack of in-depth kinetic studies on the activation of C(sp^3^)--H bonds, it was envisioned that an investigation into the reactivity of complexes **4** toward cyclometalation would be a valuable addition to the C--H activation literature.

![Synthesis of Cyclometalated Complexes](ja-2014-021958_0016){#sch1}

This report contains a detailed study of the mechanism of C(sp^3^)--H activation at ruthenium(II) alkylidenes. By complementing direct observation of the elementary C--H activation step with density functional theory (DFT) studies, unique and important features of a carboxylate-assisted CMD at metathesis-relevant ruthenium(II) complexes could be elucidated.

Results {#sec2}
=======

Dichloride Reactivity {#sec2.1}
---------------------

Initial experiments were conducted to investigate the kinetics of C--H activation as it proceeds from the dichloride complex (**4**, Scheme [2](#sch2){ref-type="scheme"}). Complexes **4** were exposed to 10 equiv of sodium pivalate as a solution in 1:1 THF-*d*~8~:CD~3~OD at 40 °C. Both THF and methanol are required for this reaction because of the limited solubility of complexes **4** and **3** in pure methanol and of sodium pivalate in pure THF. The reaction progress could be easily monitored by observation of benzylidene peaks (δ 15--20 ppm) in ^1^H NMR spectra.

![Proposed Mechanism of C--H Activation of Ruthenium Complex **4a**](ja-2014-021958_0017){#sch2}

These reactions were characterized by a first-order decay of the starting complex, with a buildup of two intermediates identified as the mono- and dicarboxylates resulting from salt exchange with the chloride ligands (Figure [2](#fig2){ref-type="fig"}). This initial ligand exchange resulted in a short induction period prior to the generation of cyclometalated complex **3**. In the specific case of *N*-adamantyl complex **4a**, the salt metathesis was slow, generating low concentrations of mono- and dicarboxylate species.

![Reaction progress of cyclometalation of complex **4a**: blue = \[**4a**\], green = \[**5a**\], purple = \[**6a**\], red = \[**3a**\].](ja-2014-021958_0002){#fig2}

The C--H activation of mesityl complex **4b** was also followed by ^1^H NMR spectroscopy (Figure [3](#fig3){ref-type="fig"}). The production of **3b** was characterized by the same induction period as observed with complex **3a**; however, the equilibrium more heavily favored the carboxylate complexes. In this case, equilibrium was also reached more rapidly, with only 3% of the dichloride complex observable at the first time point.

![Reaction progress of cyclometalation of complex **4b**: blue = \[**4b**\], green = \[**5b**\], purple = \[**6b**\], red = \[**3b**\].](ja-2014-021958_0003){#fig3}

Cyclometalation of *N*-*t*-Bu-*N*′-mesityl-substituted NHC ruthenium complex **4c** was also monitored by ^1^H NMR spectroscopy (Figure [4](#fig4){ref-type="fig"}). Much like complex **4a**, ligand exchange to provide the dipivalate was slow, and only the monocarboxylate complex could be observed in the reaction mixture. The overall rate was only slightly faster than for the previous complexes.

![Reaction progress of cyclometalation of complex **4c**: blue = \[**4c**\], green = \[**5c**\], red = \[**3c**\]; **6c** was not observed.](ja-2014-021958_0004){#fig4}

The C--H activation of a complex with *N*-adamantyl-*N*′-2,6-diisopropylphenyl (DIPP, **4d**) substitution of the NHC ligand was also monitored. It was found to possess a notably decreased rate when compared to complexes **4a**--**c**. For instance, whereas cyclometalation of complex **4a** reaches completion after approximately 4 h, DIPP-substituted complex **4d** is not fully consumed until after 96 h. During the course of this experiment, negligible amounts of carboxylate-ligated complexes **5d** or **6d** were observed.

In order to study the nature of the salt-exchange steps that precede C--H activation, monochloride monopivalate complex **5b** was synthesized (Scheme [3](#sch3){ref-type="scheme"}).^[@cit13e]^ Complex **5b** is a stable green solid that does not undergo ligand disproportionation in THF/MeOH solution. Furthermore, no cyclometalation was observed upon exposure of complex **5b** to the reaction conditions in the absence of excess sodium pivalate. Addition of sodium pivalate (9 equiv) to a THF/MeOH solution of **5b** provides cyclometalated product **3b** after heating to 40 °C, indicating the intermediacy of monocarboxylate **5b** in the formation of **3b**. It should also be noted that C(sp^2^)--H activation occurs competitively at complexes **4** with aryl groups bearing ortho hydrogen atoms; however, these complexes rapidly decompose upon insertion into the benzylidene.^[@cit19a]^

![Synthesis and Reactivity of Monopivalate Complex **5b**](ja-2014-021958_0018){#sch3}

Activation of Dicarboxylate Complexes {#sec2.2}
-------------------------------------

In order to study the central C--H activation step, a method for the independent synthesis of dipivalates **6** was developed. It was envisioned that replacing the chloride ligands with more rapidly exchanged X-type ligands would allow dicarboxylates to be synthesized at temperatures where C--H activation was sufficiently retarded (Scheme [4](#sch4){ref-type="scheme"}). To achieve this, dichlorides **4** were treated with 4 equiv of silver triflate in benzene. Stable bis-triflate complexes **7** were isolated after removal of silver salts by filtration of the reaction mixture. Both *N*-mesityl complex **7a** and *N*-DIPP complex **7d** could be synthesized in this manner. Though the bis-triflate analogue of mesityl complex **4b** is known, it was found to be unstable to cyclometalation conditions.^[@cit13e],[@ref20]^ The bis-triflate analogue of *tert*-butyl complex **4c** could not be synthesized. Immediate general decomposition of **4c** was observed upon exposure to silver triflate. Importantly, triflates **7** did not undergo C--H activation upon heating.

![Synthesis and C--H Activation of Dicarboxylate Precursor for Kinetic Studies](ja-2014-021958_0019){#sch4}

It was found that bis-triflate **7a** could be treated with as little as 3 equiv of sodium carboxylate salts to cleanly generate dicarboxylate **6a** in situ. Complete conversion to the dicarboxylate was typically achieved in under 30 min at 0 °C, and no cyclometalated products (e.g., **3a**) were generated within this time frame. While a THF/MeOH solvent mixture was not necessary to observe C(sp^3^)--H activation (reaction could be achieved in benzene or pure THF), 1:1 THF/MeOH was chosen for these studies to enable both increased reaction homogeneity and ready comparison to reactions that proceed from dichlorides **4**.

The C--H activation of dicarboxylate **6a** was then directly observed after the solution was warmed to the reaction temperature. The reaction was found to be first order in dicarboxylate, with rate constant *k*~313K~ = (1.6 ± 0.1) × 10^--3^ s^--1^. A similar procedure was used to study the C--H activation of *N*-DIPP complex **6d**, and the rate constant was determined to be *k*~313K~ = (1.4 ± 0.2) × 10^--3^ s^--1^.

Eyring Analysis {#sec2.3}
---------------

The method described in Scheme [4](#sch4){ref-type="scheme"} was used to conduct an Eyring analysis of the C--H activation step (Figure [5](#fig5){ref-type="fig"}). The reaction was monitored over a temperature range from 15 to 55 °C. A linear Eyring plot was generated with an excellent fit. Analysis of the slope of the plot and the *y*-intercept provided the energies of activation. It was found that the conversion of dipivalate **6a** to cyclometalated ruthenium benzylidene **3a** requires Δ*H*^⧧^ = 20.6 ± 0.8 kcal·mol^--1^, with a negative entropy of activation, Δ*S*^⧧^ = −5.2 ± 2.6 eu. This provides a Gibbs free energy of activation, Δ*G*^⧧^ = 22.2 ± 0.1 kcal·mol^--1^ at 25 °C.

![Rate plots (top) and Eyring analysis (bottom) of cyclometalation of ruthenium complex **6a**.](ja-2014-021958_0005){#fig5}

Linear Free Energy Relationships {#sec2.4}
--------------------------------

The effect of the electronic properties of the carboxylate was probed by establishing a linear free energy relationship between the Hammett substituent constants and the rate of cyclometalation. Previous computational Hammett studies revealed that C--H σ-bond metathesis with Tp(CO)Ru(II)--X (X = R, NH~2~, OR, or BOR~2~) is insensitive to the electronic property of the C--H bond.^[@ref21]^ Dicarboxylates **8a**--**e** were synthesized by using the sodium salts of various 4-substituted benzoic acids (Figure [6](#fig6){ref-type="fig"}). While the rate of activation by substituted benzoic acids correlated only moderately with Hammett σ values, the correlation was increased when σ^+^ values were utilized. A moderately negative ρ value of −0.24 was observed (Figure [6](#fig6){ref-type="fig"}).

![Linear free energy relationships with ruthenium dibenzoates **8a**--**e**.](ja-2014-021958_0006){#fig6}

The electronic influence of substitution of the benzylidene chelate on the rate of C--H activation was also investigated (Figure [7](#fig7){ref-type="fig"}). Substitution of the benzylidene chelate has demonstrated effects on the initiation rates of metathesis catalysts.^[@ref22]^ Using the Hammett σ~para~ values, substitution of the 4-position of the benzylidene chelate provided insignificant correlation. The strongest correlation was observed when using the corresponding σ~meta~ values. This observation indicates a much stronger influence of benzylidene substituents on the 2-position of the chelate, inductively to the ruthenium center. The ρ value for this plot was found to be +0.53.

![Linear free energy relationships with substituted ruthenium chelates **10a**--**d**.](ja-2014-021958_0007){#fig7}

Initiation rates of related dichloride complexes **(10a**--**d**; OPiv = Cl) were measured by observing the rate of decay of the benzylidene peak after the complex was treated with butyl vinyl ether.^[@ref23]^ While the initiation rates were also affected by the electronic nature of the benzylidene chelate, the rate of C--H activation also has little correlation with the initiation rates of the related dichloride complexes (Figure [8](#fig8){ref-type="fig"}). Initiation rates also did not correspond well with Hammett σ values.

![Relationship between initiation rate of dichlorides and rate of cyclometalation of dicarboxylates **3**.](ja-2014-021958_0008){#fig8}

Kinetic Isotope Effects {#sec2.5}
-----------------------

Kinetic isotope effects (KIEs) are a common measurement when studying the mechanism of C--H activation with transition metals.^[@ref24]^ In order to measure the KIE (= *k*~H~/*k*~D~) of C(sp^3^)--H activation at these ruthenium complexes, deuterated dicarboxylate **6a**-*d*~6~ was synthesized utilizing *d*~6~-1-adamantylamine (Table [1](#tbl1){ref-type="other"}). In separate experiments, the rates of C--H and C--D activation were measured. At 25 °C, KIE = 8.1 ± 1.7 was found. At an elevated temperature of 50 °C, the value was reduced to KIE = 6.4 ± 1.1.

###### Kinetic Isotope Effects

![](ja-2014-021958_0021){#fx1}

  entry   *k*      *T* (°C)   value (s^--1^)[a](#t1fn1){ref-type="table-fn"}   KIE[a](#t1fn1){ref-type="table-fn"}
  ------- -------- ---------- ------------------------------------------------ -------------------------------------
  1       *k*~H~   25         (2.8 ± 0.4) × 10^--4^                            8.1 ± 1.7
  2       *k*~D~   25         (3.5 ± 0.6) × 10^--5^                            
  3       *k*~H~   50         (4.3 ± 0.3) × 10^--3^                            6.4 ± 1.1
  4       *k*~D~   50         (6.7 ± 1) × 10^--4^                              

Uncertainty reported with 90% confidence intervals.

Computational Studies on the Mechanism of C--H Activation {#sec2.6}
---------------------------------------------------------

We performed DFT calculations to investigate the mechanism of the C--H activation pathways and to explain the effects of *N*-substituents on the reactivity and selectivity of C--H activation. The calculations were performed using the theoretical method that was found satisfactory in our recent computations with ruthenium metathesis catalysts.^[@ref17],[@cit19a],[@ref25]^ The geometries were optimized with B3LYP and the SDD basis set for Ru and 6-31G(d) for other atoms. Single-point energies were calculated with M06 and the SDD basis set for Ru and the 6-311+G(d,p) basis set for other atoms. The SMD solvation model was employed in the single-point energy calculations. THF was used as the solvent in the calculations. All calculations were performed with Gaussian 09.^[@ref26]^

The calculations indicated that the C--H activation of ruthenium dichloride complex **4a** occurs through the pathway shown in blue in Figure [9](#fig9){ref-type="fig"}. The monopivalate pathway shown in red is unfavorable (vide infra). The anion-exchange steps to replace both chlorides in **4a** with pivalates are exergonic by 1.4 and 4.0 kcal·mol^--1^, respectively. The reaction with silver pivalate is expected to be even more favorable, driven by the formation of solid silver chloride precipitate. The pivalate in complex **5a** and both pivalates in complex **6a** are monoligated (Figure [10](#fig10){ref-type="fig"}). The binding site *trans* to the benzylidene in these 16-electron complexes is blocked by the bulky *N*-adamantyl group.^[@ref27]^ The most favorable C--H activation pathway from the dipivalate complex **6a** involves rotation of the *o*-isopropoxyphenyl group (**12a-TS**) and dissociation of the Ru--O chelate to form **13a**, followed by deprotonation of the adamantyl C--H bond by a bottom-bound pivalate (**14a-TS-A**) via a CMD mechanism. The C--H activation step leads to a pivalic acid-bound complex **15a**, which then liberates pivalic acid and generates Ru--C cyclometalated catalyst **3a**. The rate-determining step was found to be the C--H activation via intramolecular CMD (**14a-TS-A**) and requires an overall free energy barrier of 23.5 kcal·mol^--1^ (**6a → 14a-TS-A**).^[@ref28]^

![Free energy profile of the C--H activation of **4a** to form cyclometalated complex **3a**; all energies in kcal·mol^--1^ at 25 °C.](ja-2014-021958_0009){#fig9}

![Optimized geometries of the monopivalate complex **5a**, dipivalate complex **6a**, the monopivalate C--H activation transition state **16a-TS**, and the *o*-isopropoxyphenyl rotation transition state **12a-TS**.](ja-2014-021958_0010){#fig10}

Several isomeric C--H activation transition states from the dipivalate complex **6a** have been calculated and are all found to be less stable than **14a-TS-A** (Figure [11](#fig11){ref-type="fig"}). In **14a-TS-B**, the C--H bond is deprotonated by the pivalate bound to the side position (i.e., *cis* to the NHC). Although this orientation maintains the Ru--O(isopropoxy) chelation, such side-bound C--H activation is 6.9 kcal·mol^--1^ less favorable than the bottom-bound C--H activation. The four-membered-ring CMD transition state **14a-TS-C**, which is also referred to as σ-bond metathesis in the literature,^[@cit8c]^ is 14 kcal·mol^--1^ less favorable, as the oxygen coordinated to the Ru is less basic.^[@cit8a],[@ref29]^ An outer-sphere deprotonation transition state involving an unbound pivalate was also located (**14a-TS-D**) and is also unfavorable.^[@ref30]^ This is consistent with the preference for the six-membered CMD transition states in palladium acetate-catalyzed C--H activations.^[@cit2e],[@cit2i],[@cit7d],[@ref8]^

![Four possible transition states for cyclometalation of dipivalate complex **6a**.](ja-2014-021958_0011){#fig11}

C--H(D) insertion KIEs were calculated^[@ref31]^ using the Bigeleisen--Mayer equation^[@ref32]^ with scaled (0.97)^[@ref33]^ harmonic frequencies obtained from B3LYP/LANL2DZ-6-31G\* ground-state structure **6a** and transition structures **14a-TS-A**--**D** (Figure [12](#fig12){ref-type="fig"}). B3LYP/SDD-6-31G(d) and M06/SDD-6-31G(d) models provided comparable KIE estimates for the **14a-TS-A** C--H insertion process at 25 °C (6.47 and 6.42, respectively). The computed KIEs decreased with increasing temperature (Figure [12](#fig12){ref-type="fig"}) and were found to originate primarily from zero-point energy contributions.

![Kinetic isotope effects computed at 25 and 50 °C (in parentheses) for potential C--H(D) activation transition states.^[@ref31]^](ja-2014-021958_0012){#fig12}

Discussion {#sec3}
==========

Salt Metathesis Affects the Overall Rate of Cyclometalation {#sec3.1}
-----------------------------------------------------------

The results outlined above support a general mechanism that requires two salt metathesis steps to preform a ruthenium dicarboxylate species. These salt metathesis events have a profound effect on the observed rate of the cyclometalation reaction when starting from dichloride complexes (Table [2](#tbl2){ref-type="other"}). For instance, the *N*-mesityl (**4a**) and *N*-DIPP (**4d**) dichloride complexes differ greatly in observed rates of cyclometalation, but the rates for cyclometalation from the dipivalate complexes **6a** and **6d** are roughly equal (entries 1 and 4). This reduction in the cyclometalation rate of **4d** can be attributed to the poor equilibrium concentrations of reactive **6d** under the standard conditions. This same effect was also observed for complex **4c**, which is computationally expected to undergo cyclometalation at a much faster rate than **4a**. Interestingly, complex **4b** underwent cycloaddition at a rate similar to that of **4a**, although computations predicted the reaction from **6b** to be slower than that from **6a**.

###### Summary of Rate Information for Ruthenium Complexes **4** and **6**[a](#t2fn1){ref-type="table-fn"}

  entry   **4**    *k* from **4** (×10^--4^ s^--1^)[b](#t2fn2){ref-type="table-fn"}   **4**:**5**:**6**[c](#t2fn3){ref-type="table-fn"}   *k* from **6** (×10^--3^ s^--1^)[b](#t2fn2){ref-type="table-fn"}   calcd[d](#t2fn4){ref-type="table-fn"}*k* from **6** (×10^--4^ s^--1^)
  ------- -------- ------------------------------------------------------------------ --------------------------------------------------- ------------------------------------------------------------------ -----------------------------------------------------------------------
  1       **4a**   2.7 ± 0.1                                                          69:25:6                                             1.6 ± 0.1                                                          2.7
  2       **4b**   1.2 ± 0.1                                                          3:38:59                                             --                                                                 0.084
  3       **4c**   2.0 ± 0.1                                                          56:43:\<1                                           --                                                                 1.7 × 10^6^
  4       **4d**   \<0.1                                                              \>98:\<1:\<1                                        1.4 ± 0.2                                                          2.6

All data from experiments conducted at 40 °C.

Uncertainty reported with 90% confidence intervals.

Relative concentrations of complexes at equilibrium.

See [Supporting Information](#notes-1){ref-type="notes"} for details.

In general, acceleration of the salt metathesis steps enhanced the overall rate of cyclometalation. For instance, cyclometalation occurred rapidly in the presence of silver pivalate salts as a result of the rapid nature of silver-mediated salt metathesis.^[@cit13b]^ This hypothesis is further supported by the observation that cyclometalation by exposure of triflate complexes **7** occurs rapidly at low temperature because of the more facile exchange of triflate ligands.

Dicarboxylate Stabilizes the Cyclometalation Transition State {#sec3.2}
-------------------------------------------------------------

Based on control experiments, only the ruthenium dicarboxylate species **6** is able to undergo C--H activation. This was further supported by computational evidence that the C--H activation transition state of monochloride-monocarboxylate **5a** is 8.9 kcal·mol^--1^ less stable than the corresponding transition state (**16a-TS**, red, vs **14a-TS**, blue, Figure [9](#fig9){ref-type="fig"}). The monopivalate C--H activation also involves a bottom-bound six-membered transition state (**16a-TS**, Figure [10](#fig10){ref-type="fig"}), similar to **14a-TS-A**. The lower energy of the dipivalate TS is in part due to the stronger binding energy of pivalate compared to chloride, as shown in the ground-state structures (**6a** vs **5a**). Additionally, the pivalate is bound to ruthenium in a κ^2^ fashion in **14a-TS-A** and the final product **3a**. This binding mode offers additional stabilization compared to the κ^1^ pivalate species prior to the C--H activation (**5a** and **6a**). In the reaction with monopivalate, there is no such stabilization in the cyclometalation transition state **16a-TS**, since the bidentate-bound pivalate is now replaced with chloride.

In addition, the chelating carboxylate ligand allows for further stabilization of the de-chelation of the benzylidene chelate (i.e., **13a**). Since the most energetically favorable cyclometalation transition state involves a pseudo-apically oriented carboxylate, the additional carboxylate ligand avoids any unstable 14-electron complexes involved in achieving the required transition-state geometry.

Rate of Cyclometalation Can Be Tuned Electronically {#sec3.3}
---------------------------------------------------

Experimental data reveal some of the electronic characteristics of the C--H activation reaction. The carboxylate ligand acts as a base, as indicated by the negative ρ value for the linear free energy relationship of ruthenium dibenzoates in the C--H activation reaction (Figure [6](#fig6){ref-type="fig"}). Additionally, the stronger correlation to the σ^+^ value suggests an accumulation of positive charge at the carboxylate carbon that is stabilized by resonance with the aromatic system. These results are supported by computational evidence that more basic carboxylates have lower activation barriers to C--H activation (Table [3](#tbl3){ref-type="other"}).^[@ref34]^ Natural population analysis (NPA) calculations of **14a-TS-A** indicated polarization of the C--H bond being cleaved: the negative charge at C increases by −0.09, while the positive charge at H increases by +0.23 relative to that of dicarboxylate **6a**.^[@ref35]^ These electronic characteristics further support the CMD mechanism with the carboxylate acting as a base.

###### Activation Free Energies (at 25 °C) for Cyclometalation with Different Carboxylate Ligands

![](ja-2014-021958_0022){#fx2}

  entry   R        dicarboxylate   Δ*G*^⧧^ (kcal·mol^--1^)   p*K*~a~
  ------- -------- --------------- ------------------------- ---------
  1       *t*-Bu   **6a**          23.5                      5.03
  2       Me       **18a**         24.0                      4.76
  3       Ph       **8a**          26.2                      4.20

The electronic effects of the benzylidene chelate also reveal some characteristics of the ruthenium center during the C--H activation step. The lack of a strong correlation to either the σ~para~ or σ~meta~ values for substituents at the 4-position of the benzylidene chelate indicates a subtle competing effect of the electronics at both the chelating oxygen (σ~para~ values) and the ruthenium benzylidene (σ~meta~ values). Though a stronger correlation to the σ~meta~ values with a positive ρ value supports an increased importance of electron deficiency at ruthenium over the lability of the chelate, definitive conclusions cannot be drawn from the current experimental data. In addition, computations indicate no correlation between the benzylidene de-chelation energy and the C--H activation rate with different benzylidene chelates, **10a**--**d**.^[@ref36]^ These conclusions are further muddied by the absence of a correlation between the initiation rates of dichlorides and the rates of cyclometalation of the corresponding dipivalate complexes **10a**--**d**, even though both reactions include de-chelation of the isopropyl ether as a key organizational step.

The importance of increased positive charge at the ruthenium center on the observed rate of the reaction (Figure [7](#fig7){ref-type="fig"}) agrees with the requirement of a dicarboxylate species. The additional electronic stabilization provided by the κ^2^ pivalate ligand would stabilize the electrophilic character of the ruthenium center. This is further supported by the reduction in positive charge at ruthenium by −0.16 in the transition state, as calculated by natural population analysis. This reduction in positive charge indicates an accumulation of electrons throughout the reaction, a feature that would be more favorable for a more electron-deficient ruthenium center.

Pseudo-Apically Oriented Six-Membered Concerted Metalation--Deprotonation Transition-State Geometry {#sec3.4}
---------------------------------------------------------------------------------------------------

The results reported above support the reorganization of ligands to a transition-state geometry as depicted in **14a-TS-A** (Figure [11](#fig11){ref-type="fig"}). The close agreement between the experimental Δ*G*^⧧^~298K~ = 22.2 ± 0.1 kcal·mol^--1^ and the computed Δ*G*^⧧^ = 23.5 kcal·mol^--1^ lends credence to the computed geometries. Computations indicated that other isomeric C--H activation transition states (**14a-TS-B**/**C**/**D**) are at least 6.9 kcal·mol^--1^ less favorable than **14a-TS-A**. Furthermore, the large, negative Δ*S*^⧧^ = −5.2 ± 2.6 eu obtained from the Eyring analysis supports a highly ordered cyclic transition state.

The pseudo-apical orientation of the deprotonating carboxylate in **14a-TS-A** is also supported by the KIE (Figure [12](#fig12){ref-type="fig"}). The measured KIE = 8.1 ± 1.7 more closely reflects the computed isotope effects for the two transition states that involve ligand reorganization to place the participating carboxylate in a pseudo-apical position (**14a-TS-A** and **14a-TS-C**). Furthermore, the small and computationally predicted reduction to KIE = 6.4 ± 1.1 at elevated temperatures excludes significant tunneling and lends additional support for this mechanism of C--H insertion.

Site Selectivity of C--H Activation Is Controlled by Steric Effects {#sec3.5}
-------------------------------------------------------------------

In the C--H activation reaction with unsymmetrically substituted NHC complexes such as *N*-adamantyl-*N*′-mesityl complex **6a**, it is somewhat unexpected that the weaker mesityl C--H bond remains intact while reaction occurs exclusively at the adamantyl C--H bond.^[@cit2e],[@cit2f],[@ref37]^ In addition, the C--H activation in the stereogenic-at-Ru complex is completely stereoselective. Only a single diastereomer of **3a** is observed, in which the benzylidene is *anti* to the C--H bond on the adamantyl (Scheme [5](#sch5){ref-type="scheme"}). Computations predicted the same major C--H activation product (**3a**) as that observed in experiment. Activation of the mesityl C--H bond requires 27.7 kcal·mol^--1^ (**14-TS-F**), 4.2 kcal·mol^--1^ higher than the adamantyl C--H bond activation (**14a-TS-A**). The transition state in which the benzylidene is *syn* to the C--H bond on the adamantyl (**14a-TS-E**) is 2.1 kcal·mol^--1^ less stable. The major product **3a** is also thermodynamically the most stable among the three isomers.

![Activation Free Energies (in kcal·mol^--1^) of C--H Activation at Different Sites of **6a**](ja-2014-021958_0020){#sch5}

Steric interactions in the transition state disfavor activation of the weaker benzylic C--H bonds of **6a** (Figure [13](#fig13){ref-type="fig"}). There is substantial distortion in **14a-TS-F** because of the steric repulsion between one of the ortho Me groups on the mesityl and a methylene group on the NHC backbone. This repulsion prevents the other methyl substituent from rotating into proximity of the ruthenium center. In addition, orientation of the bulky *N*-adamantyl group toward the benzylidene leads to steric interactions with the carbene carbon atom (H···C distance of 2.46 Å).

![Transition-state geometry **14a-TS-F**.](ja-2014-021958_0013){#fig13}

In **14a-TS-A** and the resulting cyclometalated intermediate **3a**, the α-C--H bond on adamantyl is *anti* to the Ru-benzylidene double bond in a staggered conformation, while complexes **14a-TS-E** and *epi*-**3a** assume an eclipsed conformation with the α-C--H bond *syn* to the Ru-benzylidene bond (Figure [14](#fig14){ref-type="fig"}). The staggered *anti* transition state **14a-TS-A** is favored by 2.1 kcal·mol^--1^. The *anti* intermediate **3a** is also more stable than the *syn* intermediate *epi*-**3a** to a greater extent (3.9 kcal·mol^--1^).

![Comparison of the diastereomeric C--H activation transition states **14a-TS-A** (*anti*) and **14a-TS-E** (*syn*). Insets are Newman projections along the forming Ru--C bond. Energies are relative to **6a**.](ja-2014-021958_0014){#fig14}

Effects of *N*-Substituents on the Barriers for C--H Activation {#sec3.6}
---------------------------------------------------------------

Barriers for C--H activation with *N*-*t*-Bu-*N*′-Mes complex **6c** and *N*-Adm-*N*′-DIPP complex **6d** were computed (Figure [15](#fig15){ref-type="fig"}). Replacing the adamantyl group with the smaller *tert*-butyl group significantly decreased the barrier to 15.2 kcal·mol^--1^. There are fewer steric repulsions in the activation of the primary C--H bond in *t*-Bu than the secondary C--H bond on adamantyl. This reactivity trend agrees with palladium-catalyzed C(sp^3^)--H activations,^[@cit1b],[@cit2k],[@ref38]^ in which less-hindered primary C--H bonds are preferred. In contrast, iron oxo-catalyzed reactions are governed by a combination of steric and electronic effects.^[@ref39]^

![Computed activation barriers at 25 °C for cyclometalation of complexes **6b**--**d**.](ja-2014-021958_0015){#fig15}

On the other hand, replacing the *N*-mesityl group with *N*-DIPP has negligible effects on the activation barrier. The *N*-mesityl and *N*-DIPP groups both remain perpendicular to the NHC ring in the dipivalate resting state and in the transition state. There are no significant steric repulsions with either the *N*-mesityl or *N*-DIPP group in the dipivalate complex or in the transition state.^[@ref40]^

Conclusion {#sec4}
==========

Studies in the development of a new family of *Z*-selective olefin metathesis catalysts revealed an interesting and relevant C--H activation reaction at ruthenium(II). This reaction involves a carboxylate-assisted concerted metalation--deprotonation via an organized six-membered metallacyclic transition state. The resulting ruthenium alkyl complexes are unusually stable, and these benzylidene complexes exhibit high levels of *Z*-selectivity in olefin metathesis reactions.

Isolation of the dicarboxylate complexes **6** allowed for the direct study of the C--H activation reaction. Kinetic studies revealed first-order reaction kinetics, and thermodynamic results agreed with computed transition states. Furthermore, Δ*S*^⧧^ values agree with a highly ordered intramolecular transition state. Computational studies revealed an interesting pseudo-apically oriented carboxylate geometry in the key cyclometalation step and confirmed that a second carboxylate ligand is necessary for transition-state stabilization. Electronic effects of the complex control the rate by modulating either the electron density at the ruthenium center or the overall basicity of the assisting carboxylate.

Experimental and computational results showed that steric effects control the site-selectivity of C--H activation, directing metalation toward typically less-reactive C--H bonds. The computational model was then able to corroborate indirect mechanistic evidence about the relative rates of cyclometalation at complexes that could not be studied directly.

New mechanistic information was developed regarding the inner-sphere activation of methylene C(sp^3^)--H bonds. It is envisioned that the results of this study will enable the further development of CMD C(sp^3^)--H activation at ruthenium centers both for the more efficient synthesis of selective ruthenium metathesis catalysts and for functionalization of C--H bonds in general.

Experimental details, NMR spectra of new compounds, additional kinetics data, optimized Cartesian coordinates and energies, details of computational methods, and complete ref ([@ref26]). This material is available free of charge via the Internet at <http://pubs.acs.org>.
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